ABSTRACT Non-circular-cross-section tubes are widely used as heat exchange components throughout the industry, including in fields such as aerospace, automobiles, and vessels. Tube manufacturing in these fields is a highly complex process; to manufacture the needed tubes and guarantee a precise and stress-free assembly, the geometric parameters should be measured during manufacturing and before assembly. However, current studies and manufacturing instrumentation focus on tubes of circular cross section. This study proposes an extraction method for the tubular 3D skeleton of non-circular-cross-section tubes based on multi-view vision. Then, non-circular-cross-section tubes can be measured based on the proposed method. The experimental results show that the average deviation does not exceed 0.3 mm with 3σ reliability and the measuring time is fewer than 5 s. The accuracy and efficiency of this method are sufficient to satisfy the requirements for industrial applications.
I. INTRODUCTION A. BACKGROUND
Complex spatial bend tubes of different shapes and types are widely used in products ranging from cars to aircraft and in applications from fuel transportation to heat exchange. To manufacture the needed tubes and achieve a precise and stress-free assembly, the three-dimensional (3D) shape of the tube must be guaranteed [1] . However, during manufacturing, the uneven distribution of tensile and compressive stresses can cause multiple defects, such as springback, which affects the precision during tube assembly [2] . Thus, in the production of a tube, it is essential to accurately measure the geometric error between the intended design model and the actual manufactured part; then, the measured results can be used to fix the bent tube or refine the production parameters [3] .
Manufactured tube structures can have specific features such as a complex topology, combination of straight regions and regions that form arcs, unclear boundaries between straight and arc regions, varying cross sectional shape, and even free-form curvature.
Reported measurements are typically available only for tubes with circular cross sections. However, non-circularcross-section tubes (which are called ducts) are widely
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utilized to satisfy a variety of functional requirements. For example, because a recent study showed that a ratio of width to height of 1.87 delivers the most symmetric conditions [4] , heat exchange tubes are often designed with a rectangular or square cross section in aircraft [5] , as shown in Figs. 1(a) and 1(b). Compound-shape-cross-section tubes are also applied to expand the cooling area in aircraft, as shown in Fig. 1(c) . In furniture design, a non-circular tube is much more common, such as the free-section tube example shown in Fig. 1(d) . However, most studies have been associated with the circular cross section, and there are no methods for the precision measurement of non-circular-crosssection tubes. Therefore, it is notably necessary and important that such a method for measuring tubes with non-circular cross sections is developed.
B. RELATED WORKS
Tube measurement methods can be classified into two broad categories: contact and non-contact methods. These methods can be further classified into four types: mechanical gauges [6] - [9] , three-coordinate measuring machines (CMMs) [10] - [12] , scanning [13] - [18] , and stereo vision-based methods [19] - [23] . The classification is shown in Fig. 2 .
A custom mechanical gauge or digital protractor can measure the geometric parameters of the tubes, such as the bend angles and bend radius [7] . However, because of the low-tech characteristic of this technique, the entire profile and error of the tube measurements cannot be obtained. The mechanical gauges and devices measure the geometric parameters of the tube based on contact, but only some parameters such as the bend angles can be obtained.
The CMMs [10] - [12] and scanning methods [13] - [18] measure tubes by collecting a set of surface points, from which a 3D model is generated and then all geometric parameters can be calculated. The CMMs collect the points using a contact probe, whereas the scanning methods collect points with a non-contact technique. The scanning method is more convenient and more efficient than the CMM in the collection of points. The collected points are used to generate a 3D model of the tube, and these points are fit to cylinders using the moving least-squares method to extract the centerline of the tube. Then, by segmenting and further calculation, the tube parameters are obtained from the centerline [17] , [23] , [25] . The CMMs are good for measuring entire tube profiles. However, this method type is time-consuming and has a low degree of automation. As a result, the operator spends a significant amount of time controlling the probe to collect a large number of points, and the resulting data processing depends on the operator's experience. The scanning method is a convenient and rapid method for point collection, but gaps or holes in the point cloud appear during the scanning where reflections occur. Although repeated scanning can overcome this problem and provide robust results, the processing time is high, and scanning is less precise than with CMMs. In recent years, the principle of stereo vision has been used to develop the non-contact tube measurement. The development of stereo vision-based methods offers a more rapid measurement process with a comparable accuracy and reduced susceptibility to human operator variation. Instruments such as TubeInspect [19] , Tuboscan [20] , and vision-based tube measurement [22] , which are also classified as close-range photogrammetry [26] , deliver a high performance in terms of robustness, efficiency, automation, and accuracy. According to the principle of stereovision, the 3D model of a tube can be accurately reconstructed, and the geometric parameters can be obtained from the 3D model. In general, three classes of reconstruction methods based on stereo vision exist today. One class is based on the traditional close-range photogrammetry principle, which requires two corresponding points to be measured as a stereo pair to determine the position of a point in a 3D space [26] . Mark points, which are usually pasted onto the object's surface, can be used to accurately locate the corresponding point. However, in most situations, points cannot be pasted directly onto the tube surface. Jin proposed a centerline method based on the processing of a point cloud [22] . In this method, one first obtains the point cloud of the bend tube using a stereo vision-based algorithm. To solve the corresponding problem, another set of cameras is used to reduce the ambiguous points. Finally, a cylinder-based moving least-squares algorithm is applied to thin the point cloud. Therefore, the thinned point cloud can be considered the tube centerline (or 3D skeleton). However, the method is notably time-consuming. In addition, the process of thinning the point cloud requires a cylinder-based algorithm, and the method can only work with a tube of circular cross section.
The second class of methods uses a database of cylinders and a fitting approach to reconstruct the tube. Because tubes typically lack features such as corners or texture, only edge features can be used to solve the measured problem of a tube. For example, Tangelder et al. [27] proposed a predefined library of parameterized object models, which were defined by constructive solid geometry (CSG) to describe several types of piping elements. By selecting the appropriate model from the library and then projecting the model onto the images, the model poses can be modified to align with the object based on the edge features. However, the use of bad illumination or disturbance from natural lighting can lead to incomplete edge identification or even wrong edges, which degrades the process CSG model alignment.
The last class of methods uses cylinder models to describe the tubes. Based on the cylinder model, a mapping relationship is proposed between the unknown parameters of the 3D centerline and the known edge points of the image. According to the mapping relationship, the 3D model of a tube can be reconstructed. Jones and Navab proposed a mathematical model of a cylinder centerline to represent a straight tube [28] , [29] . The model parameters are solved from the edge points in each image. However, this method can only be used to measure straight tubes or the straight regions of a tube. Veldhuis proposed parametric models to fit the straight VOLUME 7, 2019 line and curved parts of the tubes using Mulawa's coplanarity constraint [30] , and the tube centerline can be solved using the edge points of the tube in each image. However, the measured results are not sufficiently robust and are readily affected by noise. Moreover, the use of coded mark points is necessary to divide the straight lines and curved parts of a tube when taking images of the tube.
Jin proposed a discrete cylinder fitting method to reconstruct a 3D tube model and obtain the tube's geometric parameters [23] . The position and posture of each cylinder can be calculated according to the edge feature in images taken by calibrated cameras. The fitting error of each cylinder is applied to segment the straight and curved regions of the tube.
Stereo vision-based measurement techniques, particularly the cylinder fitting method, provide a rapid and accurate approach that satisfies industrial requirements. However, these methods cannot solve the measured problem of noncircular-cross-section tubes.
According to the above discussion, measurements collected based on CMMs and scanning methods can accurately describe bend tubes, but they are notably time-consuming because an accurate and complete surface model of the measured tubes must be first obtained. The stereo vision-based method is a useful technique among the current measurement approaches. However, problems such as bad illumination, disturbance from natural light, and the lack of features affect the feasibility and accuracy of the measurements. Furthermore, these methods are associated with the circular cross section of the tube, and the methods cannot measure a non-circularcross-section tube. Because the demand for non-circularcross-section tubes has increased in many industrial areas, a method for the universal, rapid, and accurate measurement of such tubes is urgently required. Some major difficulties remain:
(1) The existing methods incorporate no texture features to address the corresponding points in different images.
(2) The existing methods can only measure a circularcross-section tube because the principle of these measurement techniques is to build a mapping relationship according to the circular shape of the tube cross section.
(3) There is neither a standard representation for a noncircular-cross-section tube nor a standard formulation for the 3D reconstruction of these tubes.
(4) The tube topology is so complex that the same part of a tube that is projected to different images has many different shapes; this fact is particularly true for the curved regions of tubes. Therefore, alternative results can be obtained as shown in Fig. 3 .
(5) Occlusion and poor illumination often lead to the extraction of incomplete or discontinuous images, perhaps where only one tail of an edge is present. This extracted edge cannot be used to reconstruct the 3D model of the tube.
(6) Most of the current measurement techniques based on multi-view vision must reconstruct an accurate surface model of the measured tube. The efficiency of such processes remains low. (7) It is difficult to segment the straight and curved regions of a tube because the boundaries between such regions is not readily discernable.
C. CONTRIBUTIONS
The major contribution of this work is the proposal of a 3D skeleton extraction method to solve the problem of rapid and accurate measurement for non-circular-cross-section tubes. In the aerospace and other industrial fields, the method is of great significance in the automated production of tubes which can shorten the production cycle of the industrial vehicles. In this paper, we propose a mathematically transparent framework for tubular 3D skeleton extraction to measure bend tubes with non-circular cross sections. The idea is to cast the 3D skeleton of the tube as a combination of discrete points and the tangent vector at each point. Naturally, the extraction contains two parts, one to calculate the 3D point and the other, the tangent vector at the point. To deliver the needed speed of the calculations, we also consider an iterative process to extract the entire skeleton. The processes entail linear calculations; as a result, the method is sufficiently rapid and only requires the edge points from the tube images. During the calculation, we consider the robustness of the method; a dynamic threshold is applied to automatically distinguish unavailable tube images due to conditions such as occlusion, incomplete edge points and incorrect edge points. We also propose an elastic cylinder model to calculate the tube's end point, and an equivalent circle is considered to locate end points on non-circular-cross-section tubes. Based on the extracted 3D skeleton, the Plücker coordinate of the skeleton is easily created. The Plücker coordinate allows for the straight part and curved part of a tube to be segmented using fuzzy Cmeans (FCM) clustering. Experiments have shown that the method is feasible, universal, rapid and accurate. All noncircular-and circular-cross-section tubes can be measured using this method. The average deviation does not exceed 0.3mm with 3σ reliability, and the full process takes only a few seconds. This result fulfills industrial measuring requirements; specifically, the method can be applied to measure many types of bend tubes in aircrafts and cars. The remainder of the paper is organized as follows. Section 2 provides the framework of the entire measurement process. Section 3 comprehensively describes the process of 3D skeleton extraction for the tube, including the calculation of points on the 3D skeleton and the calculation for the corresponding tangent line. A rapid iteration is proposed to extract the entire 3D skeleton, and a dynamic threshold method is used to ensure the calculated results. In section 4, we propose an elastic cylinder model to calculate the accurate end point of the 3D skeleton of the tube. To measure the tube geometric parameters, the straight part of the bend tube should be segmented out. According to the extracted skeleton, a clustering-based method is used to segment the skeleton into straight parts and curved parts in section 5. Section 6 shows the results of our method in comparison with a standard value and other methods.
II. FRAMEWORK OF THE MEASUREMENT
A tube with a non-circular cross section is commonly manufactured using a bending machine, which forms the structure by pushing, rotating, and bending [25] , [31] . Thus, the tube shape can be described by a combination of straight parts and curved parts. The required geometric parameters are the length Li of the straight part, the angle between two neighboring straight-line vectors <vi,vi+1> and the angle between non-neighboring straight-line vectors <vi,vi+2>. Each parameter can be measured from the centerline of the tube, as shown in Fig. 4 .
The purpose of this paper is to measure the geometric parameters of a bend tube with no limitation in regard to the cross section of its shape. The main idea of the measurement is to extract the 3D skeleton of the tube in reference to its centerline to calculate the necessary parameters. The entire process, which is outlined in Fig. 5 , includes topology reconstruction, accurate end point reconstruction, and tube structure segmentation. According to the framework in Fig. 5 , the extraction process for developing the tube's 3D skeleton is divided into the reconstruction of a set of 3D points and the reconstruction of the tangent lines that pass through the extracted points. To extract the entire skeleton, the process was designed to be iterative. Each step in the iteration can extract one 3D point on the tube's 3D skeleton and one corresponding tangent vector on the 3D skeleton tangent line that passes through the extracted 3D point. We define each point, and the corresponding tangent vector is a skeleton-unit on the 3D skeleton. Therefore, the entire 3D skeleton is combined by a series of units.
III. RECONSTRUCTING TUBE TOPOLOGY USING A 3D SKELETON DISCRETE MODEL
According to the framework in Fig. 5 , section 2, we introduce the details of the 3D skeleton extraction in this section. Building on our definition of the skeleton unit in section 2, we explain the reconstruction of the 3D points and corresponding tangent vectors in sections 3.1 and 3.2, respectively. To rapidly extract the entire 3D skeleton, we design an iterative process to calculate each skeleton unit, as presented in section 3.3. To deliver the needed accuracy of each step in the iterative process, we also consider a dynamic threshold method to select the available images in section 3.4. All processes in this section are based on multi-view vision, which uses only the edge points of the tube.
A. 3D POINT RECONSTRUCTION USING MULTI-VIEW VISION
A 3D point P = X Y Z T that projects onto an image satisfies equation (1) . The projected pointp = x y 1 T is a homogeneous coordinate, and λ is a homogeneous value. R and t are determined from the extrinsic parameters of the camera. A is determined by the intrinsic parameters of VOLUME 7, 2019 FIGURE 6. Collinear relationship of the optical center, projected point, and 3D point.
FIGURE 7.
One point projected to different images.
the camera. These extrinsic and intrinsic parameters can be determined from the camera calibration [32] .
According to the definition of the pin-hole camera model [32] , the camera optical center C is equal to −R −1 t. Then, a collinear relationship of P,p, and C can be written as follows.
where L =R −1 A −1p is a vector that represents the direction from the camera's optical center C to the image pointp. The collinear relationship is shown in Fig. 6 . When point P simultaneously projects to different images as shown in Fig. 7 , a matrix can be determined to explain the relation as equation (3).
wherep i (i= 1, 2, . . . , n) are the pairs of corresponding points for the 3D point P; subscript i denotes the ith image for the projection of point P. According to equation (3), the coordinate of P can be calculated using the least squares method for at least two corresponded points pi. The calculation is as follows:
where pair of 3D point P and can be represented by vectors L i , which are equal to R
n). H can be calculated as follows
The results of this section allow the positions of the points on the 3D skeleton to be obtained. The next section shows how the corresponding tangent vector in each unit can be calculated.
B. TANGENT LINE RECONSTRUCTION USING MULTI-VIEW VISION
When a point on the tube's 3D skeleton is reconstructed as explained in section 3.1, the corresponding tangent vector that passes through the point can also be determined. We consider a geometric relationship among the tube centerline, camera optical center and projected edge on the tube image. Therefore, a mathematical description for the relationship is formulated, from which the calculation for the tangent vector is developed.
The relationship is shown in Fig. 8 . A segment of the tube is shown as a skeleton unit that includes one point P and the corresponding tangent vector V. When the tube segment is projected onto the ith image, two tails of edge e 1 i and e 2 i are formed. Through optical center C i and the two tails of the edge, two planes π 1 i and π 2 i can be determined, and each plane is the tangent plane of the tube segment. Let N 1 i and N 2 i be the normal vectors of planes π 1 i and π 2 i ; these two normal vectors are orthogonal to vector V as shown in Fig. 9 . Thus, on the ith image, V satisfies equation (6) .
V⊥ N
In this paper, we discuss methods for the measurement of tubes with uniform shapes used in the manufacture of cars, airplanes, or aircraft, in which the centerline is parallel to the edge when projecting onto an image. Equation (6) can be used only for tubes meeting this classification. For a multi-view vision system, the tube segment projects onto different images (images 1-n) as shown in Fig. 10 .
From image 1 to image n, each image has two tails of tube edge, which satisfy equation (6) and can be represented by equation (7) .
According to equation (7), vector V can be calculated from the edge points on different images. In addition, the conclusion has three advantages. First and most importantly, the vector calculation of the tangent line of the tube's 3D skeleton is not related to the shape of the tube's cross section. Most common tube cross sections, such as rectangles, circles, compound shapes and other free-form shapes, satisfy the relationship, as shown in Fig. 11 .
Second, the method can be used to calculate vectors on both straight and curved parts. Two short tails of the edge are used to calculate a vector on the tangent line. When we calculate a vector on a curved part, the short tail of the edge can be considered a short straight part.
Third, equation (7) shows an over-constrained relationship, and the calculation is sufficiently robust. Therefore, if at least one image is available, the vector can be found. In addition, a RANSAC [33] algorithm can be used to guarantee the robustness of the calculation. 
C. AN ITERATION TO EXTRACT THE 3D SKELETON
According to sections 3.1 and 3.2, we can calculate one skeleton unit. To calculate the entire 3D skeleton, we develop an iterative method in this section. As shown in Fig. 12 , the process involves the following steps: (1) initializing the first 3D point of the tube skeleton using an epipolar constraint method [32] , (2) calculating the skeleton unit around the initial point according to sections 3.1 and 3.2, (3) calculating the next initial point of the next skeleton unit and (4) repeating steps (2) and (3) until the extraction for the entire 3D skeleton has been completed. 1) Iterative method for extracting the entire 3D skeleton: According to the calculated 3D point P k and corresponding tangent vector V k , 3D point P k+1 satisfies equation (8), where τ is the iteration step.
The step length requires a suitable value. If the step length is too small, noise from the extracted edge points will cause a wrong result for the calculated vector on the skeleton tangent line. If the step length is too large, the next initial point may be out of the tube region. To determine a suitable value of step τ , we consider the maximum radius r max of the tube's cross section. According to experiments, τ ∈ [r max , 2r max ] VOLUME 7, 2019 is a suitable step length for extracting the 3D skeleton of a tube.
The new point P k+1 is an initial point on the tube's 3D skeleton. Due to noise associated with either image processing or camera calibration, point P k+1 can deviate from the tube 3D skeleton as shown in Fig. 13(a) . In addition, when the current calculation is on a curved part, the initial point P k+1 deviates from the 3D skeleton as shown in Fig. 13(b) .
To reduce these errors and avoid mistakes, a fine adjustment is proposed to find the pair of image points needed to reconstruct the accurate point on the tube's 3D skeleton, as described in the next section.
2
) Fine adjustment to locate points on the 3D skeleton around the initial point:
The fine adjustment is based on the constraint of the epipolar line. The details of the process are as follows: (1) Fig. 15 ; and (6) put all adjusted points into equation (5) . The accurate fine-adjustment point P t k+1 on the tube's 3D skeleton can be obtained. The entire process is shown in Fig. 16 .
The fine adjustment on the jth image can be explained as follows.
Tp j,k+1
where F ij is the fundamental matrix of the ith image and jth image, which can be calculated from the calibrated parameters [32] .ẽ 1 j,k+1 andẽ 2 j,k+1 are the homogeneous coordinates of the two tails of the edge and can be calculated using a line fitting method. The homogeneous coordinate is a 3-dimensional vector. Letẽ 1
T . The fine adjustment of p j,k+1 on the jth image can be determined by solving equation (9) . . 16 shows the entire fine adjustment process. When the last kth skeleton unit is calculated, the initial point P k+1 for the (k+1)th unit can be calculated. The initial point P k+1 is projected onto different images, e.g., images 1-4 as shown in Fig. 16(a) , and forms 4 pointsp 1,k+1 ,p 2,k+1 ,p 3,k+1 and p 4,k+1 . Then, the position of each projected point is adjusted based on the epipolar constraint as shown in Fig. 16(b) . The adjusted points are denoted byp t 1,k+1 ,p t 2,k+1 ,p t 3,k+1 and p t 4,k+1 . According to section 3.1, the correct point P t k+1 for the (k+1)th skeleton-unit can be obtained. The entire extraction can be described as an iterative method. In addition, the entire process is based on linear calculations, so the iteration is rapid.
D. DYNAMIC THRESHOLD TO SELECT THE AVAILABLE IMAGES
In the multi-vision measurement system, there are at least two images. In the calculation of the tube's 3D skeleton, unavailable images such as wrong extracted edge points, self-occluded tube parts, or noise on the extracted edges can cause a significant deviation. We consider a dynamic threshold to select the available images while extracting the 3D skeleton of the tube. As shown in Fig. 17 , when projecting the tube onto the image, if the distance between the two edges Because the tube has a complex topology and shape, each part has different distances to the camera. When projecting to different images, the projection distance
can vary when the view point and tube topology vary. In addition, a multi-view vision system has many cameras with different positions, postures and camera parameters; only one static threshold cannot satisfy every camera condition. Some studies [23] can interactively exclude those unavailable images, but the processing is complex and time-consuming.
When we extract the current point on the 3D skeleton, an initial point P k+1 is first calculated using equation (8) . According to the initial point and final calculated vector V k , a dynamic threshold can be estimated to exclude the unavailable images. In addition, the estimation can provide the threshold for different cameras in the multi-vision system. The dynamic threshold σ i for the ith camera can be explained in equation (10) , where N i is the normal vector of the projection plane of the ith camera, and r max is the maximum radius of tube's cross section.
After the initial point P k+1 is calculated, the dynamic threshold can be estimated and used to exclude the unavailable images. As shown in Fig. 18, if d e i,k+1 ∈ [0.8σ i , 1.25σ i ], the ith image can be accepted to calculate the current point on the 3D skeleton. Thus, the dynamic threshold can be applied to exclude the unavailable images. The parameters 0.8 and 1.25 are experimentally determined.
IV. ELASTIC CYLINDER MODEL TO CALCULATE THE POSITION OF THE END POINT
Section 3 shows the calculation of the tube's 3D skeleton but does not include the positions of the end points. We consider two features of the positions of the end point: (1) the end point of the tube is the center point of the end face of the tube, and (2) the tube's end face can be considered equivalent to a cylinder's end face. Therefore, to extract the accurate position of the end points, first, we need the position of the tube's end face; then, we locate the position of the end point on the end face. For a non-circularcross-section tube, an equivalent circle can be obtained from the corner points as shown in Fig. 18 . Thus, most of the cross-sectional shapes used in tube structures in aircraft have no limitation with regard to the calculation of end point positions.
In this paper, we propose an elastic cylinder model to calculate the position of the tube's end point. The core idea of the model is to locate the accurate end point along the extracted 3D skeleton according to the edge points from the end parts VOLUME 7, 2019 FIGURE 19. Location of the end face of the tube using the elastic cylinder model. of the tube. Unlike Jin's projecting method [22] , [23] and other curve fitting methods [34] , our method can be used to extract the end points of most types of non-circular-crosssection tubes in aircrafts.
Let us denote an end face of a cylinder by D as shown in Fig. 19 ; V is the normal vector of plane D; XD is a point on plane D, such that D can be represented by equation (11) . The solid line on the ith image in Fig. 19 is the extracted edge of the tube end face; the dashed line is the projected edge of the end face of the elastic cylinder model. The purpose is to find a suitable l that makes the projected edge consist of the extracted edge. Thus, the center of end face D is the accurate end point of the 3D skeleton of the tube.
The position of plane D can be determined by a parameter l along vector V, as shown in equation (11) . The problem is to solve the consistency of the projected edge and extracted edge. The problem can be converted into a circle-fitting problem on plane D. As shown in Fig. 20 , the edge point p e ij on the extracted edge of the tube's end face can be represented by a 3D line using equation (2) . When L passes through plane D, the intersection is a point on plane D. Each edge point from a different image corresponds to an intersected point P D ij , where the subscript indicates the jth point on the ith image. When plane D reaches the correct position, all intersected points P D ij satisfy equation (11) and form a circle with a radius of the tube section on plane D. Thus, an optimal function can be formulated as equation (12) 
In equation (12), function r (·) calculates the distance from point P D ij to the center point of the cylinder's end face, which can also be calculated by P+l · V. The optimization calculates l and finds the accurate end point. In addition, if necessary, point P can be optimized in equation (12) .
After extracting the accurate end point, the entire 3D skeleton is completely extracted. To measure the required geometric parameters of the bend tube, the straight parts on the 3D skeleton should be segmented out.
V. TUBE SEGMENTATION BASED ON CLUSTERING
Based on the contents of sections 3 and 4, a 3D skeleton of the bend tube can be obtained and described by a combination of discrete points and tangent vectors at each point. According to the combination of points and tangent vectors, a Plücker coordinate representation for each point can be calculated, and a clustering method can be used to segment the skeleton in different structures as straight parts and curved parts.
A straight line κ in 3D space can be represented by a point as the Plücker coordinate [35] in a 6-dimensional space, as shown in Fig. 21 . Point P and vector V are on line κ; let S = P × V. The Plücker coordinate of line κ is represented by plücker = S V .
The bend tube consists of straight parts and curved parts; the point and tangent vector at the point can determine a certain 3D space line. Our method, as explained in section 3, obtains a 3D skeleton in many units of point and tangent vector. Each unit can determine a 3D line and its Plücker coordinate. The units of the same straight part of the bend tube have identical Plücker coordinates. We treat the Plücker coordinate of a unit as a 6-dimensional feature, and a clustering analysis method is used to segment the structure of the straight and curved parts of the bend tube, as shown in Fig. 22 .
We select the FCM clustering analysis [36] to classify the units into different clusters. Each cluster represents a straight part of the bend tube. The units from the curved parts are the noises for the FCM clustering analysis. We consider the value of the membership function of each element in the cluster and select a confidence ratio g = 0.8. The elements with a value of membership function below g are considered the unit from the curved part. (i = 1, 2, . . . , m) , a line fitting method, as shown in equation (13), can be used to fit a 3D spatial line to represent the centerline of the straight partp l .
For each cluster p l i
After determining the straight part of the tube and calculating its centerline, the tube geometric parameters can be obtained [17] , [22] , [25] .
VI. EXPERIMENTS A. TUBE INSPECTION SYSTEM
The tube inspection system has 8 cameras (Marlin F-146B IRF, Allied Vision; pixel size: 4.65 µm; resolution: 1388 × 1038; focal length: 8 mm) with a 850 × 850 × 300 mm light plane, as shown in Fig.23 . The distance between the cameras and the light plane was 1100 mm. All intrinsic and extrinsic parameters of the camera were calibrated using Zhang's method [37] . 
B. INSPECTION RESULTS
Three tubes with rectangular, square, and compound cross sections were accurately manufactured to test the accuracy of the proposed method in this paper, as shown in Fig. 24 . The tubes were also measured by a CMM with an accuracy of 0.003mm.We inspected the geometric parameters of each tube based on the proposed method and compared the inspection results with the CMM.
Our method is based on the edge points from each tube image. To guarantee high-accuracy results, we consider subpixel-precision edge extraction [38] . Subpixel-precision edge extraction is sensitive to the local grayscale, noises caused by bad illumination, reflections on the tube surface, and light from other sources, which affect the extracted results. For example, as shown in Fig. 25 , the self-occlusion, discontinuous edge, and wrong edge can be extracted, but our method can automatically exclude these unavailable conditions and the identification of wrong edges caused by selfocclusion.
The extracted 3D skeletons and segmented results are shown in Fig. 26 . In contrast to the three non-circular-crosssection tubes, the circular-cross-section tube is extracted. The total length of each tube and time consumption of the extraction process are also shown in Table 1 .
The sheath deviation is commonly used to examine the geometric error of a tube [39] . The deviation is an important indicator in determining whether the tube can satisfy the VOLUME 7, 2019 FIGURE 26. Extracted 3D skeleton and segmented straight parts. assembly requirements. The sheath deviation is the deviation along and perpendicular to the tube at the end points (P1 and Pn) and the vertical deviation vertical at the tangent points (P2 to Pn-1), as shown in Fig. 27 .
We measured each tube 50 times and recorded the sheath deviation at each point. The average sheath deviation is shown in Table2 and denoted by Davg.
We also calculated Cgk to show the reliability of the measurement in Table 2 . The measurement capability index Cgk is widely used to assess the repeatability and bias of measurement devices [40] , [41] .
Based on the measurement results, the proposed method shows its feasibility, accuracy and reliability. 1) Feasibility: All 50 sets of experiments succeeded under different illuminations. The extracted edges include conditions of incomplete, discontinuous, or wrong edge caused by tube self-occlusion. Our method has good performance in terms of robustness and feasibility: the method can automatically exclude unavailable images and complete the entire measurement. 2) Accuracy: According to the statistical results in Table 1 , the proposed method shows good performance in terms of accuracy. The average deviation does not exceed 0.3mm, which is adequate for engineering applications.
3) Reliability:We also recorded Cgk to show the reliability of our measurement in Table 2 . The acceptance criterion for Cgk is 1.33; in comparison, higher values indicate better performance. According to the results in Table 2 , the minimum Cgk is 1.38, which indicates that 6,210 erroneous results will occur in 1 million reconstructions; hence, the qualification rate is 99.9937%. Thus, the proposed algorithm shows good reliability.
C. APPLICATIONS
The proposed method can be used to measure many tubes with different shapes and sizes of the cross section, as shown in Fig. 28 . We recorded the average sheath deviations of each tube and the time consumption of each measurement in Table 3 .
Table3 shows the sheath deviation of 5 tubes with different topologies and cross sectional shapes and sizes, as shown in Fig. 28 . The average deviation does not exceed 0.3mm. The measurement is rapid, and each measurement did not exceed 5 seconds in length.
D. DISCUSSION
According to the results of all of our experiments, the proposed measurement in this paper shows good performance in terms of its feasibility, accuracy, reliability, and efficiency. However, some factors affect the measurement accuracy, which we classify as follows. 1) Tube topology: A tube that suffers from complete selfocclusion cannot be measured by the proposed method in this paper, as shown in Fig. 29 . Because an image with an occluded part is recognized as an unavailable image by the dynamic threshold, all images can be excluded when the tube has a completely self-occluded part. Thus, no image can participate in the 3D skeleton extraction, and the method becomes invalid.
2) Bend angle that is too small: If the bend angle of the tube is too small (less than 5 degrees), the Plücker-coordinatebased tube structure segmentation is invalid, as shown in Fig. 30 . Because the bend angle is too small, the curved part is almost straight; in such cases, even humans cannot accurately and rapidly recognize a part with this small degree of curvature. However, the problem can be solved using an interactive method such as Jin's method [23] .
VII. CONCLUSION
Bend tubes are widely installed in cars and aircraft for applications such as fuel transportation and heat exchange. To achieve a precise and stress-free assembly, the geometric parameters of the tube should be measured during manufacturing and before assembly. However, the introduction of uneven tensile and compressive stresses cannot be avoided and can cause multiple defects such as springback during the manufacturing stage. Therefore, bend tubes must be measured, and the geometric errors must be fixed during manufacturing. The tube measurement can be classified into four types: mechanical gauges, three-CMMs, and scanning and stereo vision-based methods. Most studies and instruments can only measure tubes with circular cross sections. However, in practice, non-circular-cross-section tubes are widely utilized. For example, liquid flows in rectangular or square tubes tend to be more symmetric than in circular tubes.
In this paper, we have proposed a mathematically transparent framework to extract the tubular 3D skeleton based on multi-view vision. According to the extraction, we measured bend tubes with different topologies and cross sectional shapes. The extracted 3D skeleton is represented by discrete points and the corresponding vectors on tangent lines. Hence, the extraction contains two parts to calculate the points on the 3D skeleton and vectors on the tangent line. To increase the calculation speed, we also consider an iterative method to extract the entire skeleton. During the extraction, a dynamic threshold method is conducted to automatically exclude unavailable images, such as those due to occlusion, incomplete edge points, or incorrect edge points. When the tube's end point is extracted, its position should be accurately located. We use an elastic cylinder model to calculate the end point, and an equivalent circle is considered to locate the end point on the non-circular-crosssection tubes. According to the extracted 3D skeleton of the bend tube, we convert the discrete points and corresponding vectors into the 6-dimensional Plücker coordinate system, and a clustering algorithm is applied to segment the tube structure into straight parts and curved parts. Based on the segmented results, the geometric parameters of the tube can be measured.
Finally, experiments were performed based on a set of images from several bend tubes with different topologies and cross-sectional shapes. The main results are as follows:
(1) The extraction of a tubular 3D skeleton is valid and feasible for tubes with different topologies and common cross sections such as rectangular, square, and compound. Even some complex and free-form tubes can be extracted. Thus, the proposed method is universal.
(2) Four tubes with different cross sections were experimentally measured using the proposed method in this paper. Each tube was measured 50 times and compared with standard data; the average deviation of our method does not exceed 0.3mm. The sheath deviation of each tube was also calculated. The results show that the reliability of the method reaches 3σ , which implies that the qualification rate is as high as 99.9937%.
(3) The entire process comprises only linear calculations, and the extraction of the tube 3D skeleton simplifies the tube measurement. An accurate and detailed surface model is not required for the bend tube. Thus, the method in this paper is ten times more efficient than the methods that reconstruct an accurate and detailed surface model. A bend tube can be measured in seconds.
(4) The proposed method can automatically exclude unavailable images caused by bad illumination or selfocclusion. The method is precise and robust, and it reduces the need for manual operation.
However, the proposed method has a measured range and cannot be applied to the measurement of a completely self-occluded tube or a tube with bend angles that are too small (less than 5 degrees).
The method proposed in this paper can measure the bend tube with a free-form topology. Our group will continue to solve these problems. WEI LIU received the B.S. degree in mechanical engineering from the Beijing Institute of Technology, Beijing, China, in 2018, where he is currently pursuing the M.S. degree in mechanical engineering with the School of Mechanical Engineering. His current research interests include structured light measurement and robotics. VOLUME 7, 2019 
